Staphylococcus aureus is responsible for numerous food poisonings due to the production of enterotoxins by strains contaminating foodstuffs, especially dairy products. Several parameters, including interaction with antagonistic flora such as Lactococcus lactis, a lactic acid bacterium widely used in the dairy industry, can modulate S. aureus proliferation and virulence expression. We developed a dedicated S. aureus microarray to investigate the effect of L. lactis on staphylococcal gene expression in mixed cultures. This microarray was used to establish the transcriptomic profile of S. aureus in mixed cultures with L. lactis in a chemically defined medium held at a constant pH (6.6). Under these conditions, L. lactis hardly affected S. aureus growth. The expression of most genes involved in the cellular machinery, carbohydrate and nitrogen metabolism, and stress responses was only slightly modulated: a short time lag in mixed compared to pure cultures was observed. Interestingly, the induction of several virulence factors and regulators, including the agr locus, sarA, and some enterotoxins, was strongly affected. This work clearly underlines the complexity of L. lactis antagonistic potential for S. aureus and yields promising leads for investigations into nonantibiotic biocontrol of this major pathogen.
Staphylococcus aureus is a major human pathogen that causes a wide range of diseases, such as septicemia, meningitis, endocarditis, osteomyelitis, and toxic shock syndrome (77) . S. aureus is also a major causative agent of food poisonings (41) . Staphylococcal food poisonings (SFP) are due to the production of staphylococcal enterotoxins (SEs) by S. aureus strains contaminating foodstuffs. Milk and dairy products are often incriminated in SFP, especially in France (19, 20, 35) . During the cheese-making process, contamination by S. aureus may come from several sources. Raw milk (notably milk from mastitic cows) may be a source of contamination; however, strains endemic in the processing plant environment (present on fomites and in biofilms), as well as strains present in healthy human carriers, may also contaminate dairy products. A complex and balanced ecosystem is required throughout the cheese-making process for the development of the organoleptic properties of the final product. The inhibition of S. aureus growth and of the production of SE in cheeses must thus be achieved by nonantibiotic means so that the biodiversity and correct microbial ecology of the environment may be maintained, yielding a satisfactory final product. To this end, the appropriate and rational use of lactic acid bacteria (LAB) appears to be a promising strategy in the fight against S. aureus.
Interactions between S. aureus and LAB in several ecosystems, including fermented foodstuffs but also nasal and vaginal environments, have been explored for years (11) . However, apart from offering general observations, studies have not yet comprehensively described the mechanism of inhibition of S. aureus by LAB. LAB have frequently been considered to be a factor that influences S. aureus growth by physically and chemically changing the environment. Several possibilities have been proposed to explain the inhibition of S. aureus by LAB, including the production of bacteriocins (2) and hydrogen peroxide (2, 58) , competition for nutrients (28) , and needless to say, acidification (4, 20, 52) , even if the impact of the latter mechanism has been questioned (12) . Studies of the inhibition of S. aureus virulence expression by LAB, including the inhibition of SE production, are quite scarce. Few studies have described the inhibition of enterotoxin production in the presence of LAB, and none have unraveled the mechanisms involved in such antagonism (26, 29, 50, 51, 57, 68) .
Virulence expression in S. aureus is controlled by complex regulatory networks that include two-component systems (e.g., AgrAC, SrrAB, SaeRS, and ArlRS) and transcription factors (e.g., SarA and its homologs and Rot) but also the Clp proteolytic complex and the alternative sigma factor B (5, 13, 15, 21, 47, 48, 54, 60, 64, 72) . Among these regulatory systems, the accessory gene regulator (agr) is a key modulater of virulence expression. It combines a two-component system and a quorum-sensing system (55, 64, 78) . The agr system comprises two transcripts, RNAII and RNAIII, which are divergently transcribed. RNAII encodes AgrBDCA, the structural components of the quorum-sensing system. RNAIII is the effector molecule of the agr system but also encodes the delta-hemolysin (32, 55) . The accessory gene regulator is responsible for the post-exponential-phase induction of several virulence factors, including exoproteins (21, 54, 62, 64, 72) . The activity of agr itself can be modulated by other regulatory systems and in response to environmental variations.
Exploring the interactions between positive microbiota and S. aureus and understanding the mechanisms involved in the inhibition of S. aureus growth or virulence will enable the setting of rational screening criteria for positive microbiota to be used in food preservation and will also yield new strategies for fighting against this major human pathogen. Such an endeavor is, however, complex and requires the employment of new approaches. DNA microarrays are powerful tools for the investigation of these multifactorial interactions. The microarray technique has been widely used to investigate the global responses of S. aureus to several stimuli (5, 10, 17, 21, 38, 59, 65, 76) . Nonetheless, a transcriptomic analysis of S. aureus in interaction with other bacterial species has, as of yet, not been reported. In this study, we have developed a dedicated S. aureus-specific microarray, usable for the study of mixed cultures of S. aureus and LAB. This microarray was used to investigate the transcriptomic response of S. aureus to the presence of Lactococcus lactis in a chemically defined medium (CDM) at a constant pH. Surprisingly, while L. lactis hardly affected S. aureus growth and the expression of genes involved in central metabolism processes under these conditions, it was able to dramatically impair the expression of several virulence genes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. L. lactis subsp. lactis biovar diacetylactis LD61 (kindly provided by R. Perrin, Soredab, La Boissière Ecole, France) was used throughout this work. The LD61 strain contains plasmids that enable optimal growth in milk (by facilitating lactose, protease, and citrate utilization) and is thus a highly acidifying strain which is industrially used in dairy fermentations. L. lactis LD61 does not produce any detectable bacteriocin active against S. aureus (data not shown). The previously sequenced strain S. aureus MW2 was chosen for the interaction experiments for the following reasons. The complete genome sequence of MW2 is publicly available, which ensures access to information on the gene content of the strain. Of note, MW2 possesses genes encoding several toxins, including six enterotoxins, of which the sea and sec toxins (3) are frequently involved in SFP (41) . The expression of some enterotoxin genes, including sec, is known to be under agr control (62) , which is functional in this strain (74) in contrast to other strains (e.g., N315 and RN4220). Furthermore, S. aureus MW2 was preferred over other sequenced strains because it is a typical community-acquired strain of S. aureus. It is actually more probable for community rather than clinical strains to contaminate foodstuffs. Moreover, contamination with S. aureus strains of human origin is reportedly prevalent in SFP outbreaks (37) , and the MW2 strain belongs to one of the major clonal lineages found among human isolates of S. aureus (43) .
Mixed cultures of S. aureus and L. lactis and pure cultures (used as controls) were grown on CDM at 30°C and a constant pH (6.6) in a 2-liter fermentor as described elsewhere (53) . Both strains were inoculated at 10 6 CFU ml Ϫ1 . The kinetics of growth, consumption of glucose, and formation of fermentation products are discussed elsewhere (53 RNA extraction and purification. Volumes of culture each corresponding to 6 mg of cells (dry weight) were harvested and frozen immediately in liquid nitrogen. Samples were stored at Ϫ80°C until RNA extraction. Samples were thawed on ice and centrifuged (at 4°C for 5 min at 6,500 ϫ g), and cell pellets were resuspended in 500 l of Tris-EDTA buffer. Cells in tubes containing a mixture of 0.6 g of zirconium beads, 25 l of sodium dodecyl sulfate (20%), 3.5 l of ␤-mercaptoethanol, and 500 l of phenol (pH 4.7) were disrupted for 4 min at 30 Hz by using a Retsch MM301 high-speed mixer mill (Grosseron, France). After the addition of 200 l of chloroform and centrifugation (at 4°C for 25 min at 15,500 ϫ g), the aqueous phase was extracted using a Nucleospin RNA L kit according to the instructions of the manufacturer (Macherey Nagel, Hoerdt, France). After precipitation with isopropanol, the RNA sample was incubated with RNase-free DNase I from a DNA-free kit (Applied Biosystems, Warrington, United Kingdom). RNA was quantified and its contamination by proteins was assessed using an ND-1000 spectrophotometer (NanoDrop Technologies, Inc., Rockland, DE), and the quality of the preparation was evaluated using a model 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA). Noncontamination of the RNA sample by genomic DNA (gDNA) was confirmed by quantitative PCR.
gDNA extraction and purification. gDNA was prepared from overnight cultures grown in tryptic soy broth with agitation at 37°C (S. aureus) or grown under static conditions on M17 supplemented with 0.5% glucose at 30°C (L. lactis). Briefly, cells were centrifuged (at 4°C for 5 min at 6,500 ϫ g), washed in 1 ml of Tris-HCl (50 mM; pH 8), and resuspended in 450 l of Tris-EDTA buffer. Cells were disrupted with 0.6 g of zirconium beads for 4 min at 30 Hz by using an MM301 high-speed mixer mill. After centrifugation (at 4°C for 25 min at 15,500 ϫ g), the lysate was incubated at 37°C with RNase (50 g l Ϫ1 ) for 30 min and proteinase K (0.4 mg ml Ϫ1 ) for one additional hour. Following extraction with phenol-chloroform-isoamyl alcohol (25/24/1) and chloroform, gDNA was precipitated with isopropanol and resuspended in water. DNA was quantified and contamination by proteins was assessed using a NanoDrop ND-1000 spectrophotometer.
Construction of the S. aureus microarray. A dedicated microarray containing 420 probes specific for S. aureus and 27 probes specific for L. lactis IL1403 was designed. The complete list of target genes is available in the supplemental material. The design of oligonucleotides (60-mers) was carried out using OligoArray 2.1 software (66, 67) and was based on the genome sequence of strain Mu50 (BA000017), which is one of the strains for which the complete genome sequence was publicly available at the beginning of this work and for which the annotation is regularly updated (http://www.bio.nite.go.jp/dogan/Top). The design took into account the use of the microarray in the context of mixed cultures with L. lactis (and possibly other LAB). Oligonucleotides generated by using OligoArray 2.1 were selected based on thermodynamic parameters and their specificities with regard to S. aureus, as determined by a BLAST analysis comparing the oligonucleotide sequences against genome sequences of S. , and Bifidobacterium longum NCC2705 (AE014295). The specificity of the microarray with regard to S. aureus MW2 was further validated by a BLAST analysis comparing the oligonucleotide sequences against the MW2 genome sequence: 92.6% of oligonucleotides hybridized in silico with strain MW2. All remaining oligonucleotides which did not hybridize in silico corresponded to genes carried by a genomic island or mobile genetic elements in strain Mu50 and absent from strain MW2. The 5Ј-endaminated oligonucleotides (Sigma Genosys, Suffolk, United Kingdom) were spotted onto Slide E epoxysilane slides (Schott Nexterion, Jena, Germany) in sextuplicate with a Biorobotics MicroGrid II as specified by the manufacturer (Genomic Solutions Ltd., Cambridgeshire, United Kingdom). This spotting step was carried out through the transcriptomic platform at Ouest Genopole (Rennes, France).
Fluorescent labeling. Five micrograms of total RNA was labeled with Cy3-or Cy5-dCTP (Perkin Elmer, Waltham, MA) by using a ChipShot kit according to the recommendations of the manufacturer (Promega, Madison, WI). Labeled cDNA was dried out and stored at Ϫ20°C until use. gDNA was labeled basically as described previously (23) with modifications as follows: gDNA was digested overnight with restriction endonuclease HinPII, precipitated with isopropanol, and resuspended in water. Samples of 400 ng of digested gDNA were denatured at 95°C for 5 min and employed as a template in a 50-l reaction mixture containing reaction buffer (1ϫ); dATP, dGTP, and dTTP (each at 20 M); Cy3-dCTP (0.5 mM); bovine serum albumin (0.4 mg ml Ϫ1 ); and a Klenow fragment (5 U) for the direct incorporation of Cy3 or Cy5-dCTP by using the Prime-a-Gene labeling system (Promega, Madison, WI). The reaction mixture was incubated for 6 h at 22°C, and the reaction was stopped by adding EDTA (20 (50:50) . gDNA was used as a reference for normalization, as described previously (25, 70) . Microarray analyses at all experimental time points were performed in triplicate (using three independent biological replicates).
Labeled cDNA and gDNA were resuspended in 200 l of ChipHybe 80 (reference no. 760-127; Ventana). Hybridizations were carried out in a Discovery station at 42°C for 8 h according to the recommendations of the manufacturer (Ventana, Illkirch, France). Slides were then washed twice manually in RiboWash solution (Ventana, Illkirch, F) and once in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), dried by centrifugation, and scanned with a Genepix 4000B scanner (Axon Instruments, Foster City, CA). Image analysis was performed with GenePix Pro4 software (Axon Instruments, Foster City, CA).
Data analysis. The median intensity of each spot was used as the signal value. To test species specificity, spots were considered to be detected when the signal value was higher than a background value, calculated as the mean intensity of spots containing buffer plus 2 standard deviations.
To determine the expression profiles for S. aureus in pure and mixed cultures, data were analyzed with R software (63) . Oligonucleotides with very low signal values for gDNA (corresponding to a signal/noise ratio of less than 2 in more than 75% of microarrays) were flagged and removed from further analysis. Data were first normalized per spot (cDNA signal values were divided by corresponding gDNA signal values) and log 2 transformed and then normalized per chip (to the 50th percentile). Statistical analyses were performed using the analysis of variance (ANOVA) test with the criteria that P values and false-discovery rates (FDRs) be lower than 0.05. Genes showing significant changes in expression in either pure or mixed cultures and a Ն3-fold change were considered to be differentially expressed.
qRT-PCR. To confirm microarray data, expression profiles of agrA, hld, sigB, asp23, clpL, capA, katA, sel, sea, MW2096, and MW802 were determined by quantitative reverse transcription-PCR (qRT-PCR) analyses. Expression profiles of sarA, spa, hla, and genes encoding enterotoxins not included in the S. aureus microarray, namely, seh, sec4, sek, and seg, were also determined by qRT-PCR. cDNA was synthesized using the high-capacity cDNA archive kit as recommended by the manufacturer (Applied Biosystems, Warrington, United Kingdom). Quantitative real-time PCR was performed using an Opticon 2 real-time PCR detector (Bio-Rad, Hercules, CA). The reaction mixture contained power Sybr green PCR master mix (1ϫ; Applied Biosystems, Warrington, United Kingdom), each primer (0.5 M; sequences are given in Table 1 ), and a cDNA template. Thermal cycling consisted of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. Each PCR product was further analyzed by generating melting curves to ensure the specificity of the assay. qRT-PCR analyses for all experimental time points were performed in triplicate (using three independent biological replicates). Standard curves were generated to calculate the copy number for each gene in each sample. The hu gene was used as an internal standard for normalization as described previously (25) . Gene expression levels are thus reported relative to that for hu and were calculated by using following the relation: (number of copies of each gene in each cDNA preparation/number of copies of hu in each cDNA preparation) ϫ10. Statistical analysis was performed using the ANOVA test with the criterion of a P value lower than 0.05 to identify genes showing significant changes in expression in either pure or mixed cultures over time. Similarly, statistical analysis was performed using the t test with the criterion of a P value lower than 0.05 to identify, for each time point, genes showing significant changes in expression in pure versus mixed cultures.
Microarray data accession number. The microarray data were deposited in the public repository database Array Express under the accession number E-MEXP-1837.
RESULTS
Development and validation of an S. aureus microarray usable with mixed cultures. The goal of this study was to investigate S. aureus gene expression profiles during S. aureus interaction with L. lactis in mixed cultures. Bacterial populations of each species could not be separated or differentially lysed prior to retrotranscription and cDNA labeling. Probe specificity was thus a crucial parameter. The strategy for the design of S. aureus-specific probes focused on having only labeled cDNA generated from S. aureus RNA out of a bulk of total RNAs of both species that would hybridize on the microarray. Each probe had to be specific to only one gene within the S. aureus genome, and cross-hybridization with genes of the L. lactis genome had to be minimized as well. Oligonucleotides (60-mers) were preferred to PCR fragments due to the potential of the latter for cross-hybridization and the consideration of oligonucleotides, due to their short length, to be more specific. The 420 S. aureus genes selected for the design corresponded to genes involved in virulence and associated regulation pathways, stress adaptation, peptide transport, central metabolism (for carbohydrates and amino acids), cellular machinery (for replication, transcription, and translation), and cell wall biosynthesis and turnover (see the supplemental material). Twenty- 
seven oligonucleotide probes specific to L. lactis IL1403 (as determined by genome subtraction) were included as controls.
Oligonucleotides were designed and validated in silico as described in Materials and Methods to minimize the risk of cross-hybridization with LAB cDNA. The specificity of the microarray for S. aureus was experimentally validated by performing hybridizations with cDNAs or gDNA of L. lactis LD61 and S. aureus MW2 and/or N315, a strain closely related to strain Mu50 (39) . A mixture of gDNA of strains MW2 and N315 was used in order to maximize the detection of oligonucleotides: 92.6 and 98.6% of oligonucleotides were indeed detected in silico (as determined by performing a BLAST analysis) with strains MW2 and N315, respectively. Major differences between strains corresponded to oligonucleotides targeting genes located on genomic islands or mobile genetic elements present in strain Mu50 but absent in other strains, as observed previously (3) . Of the oligonucleotides designed based on S. aureus Mu50 genes, 76% were detected using a mixture of labeled gDNA extracts from S. aureus N315 and MW2. This yield slightly decreased to 70.4% with gDNA from S. aureus MW2 alone, as expected from in silico hybridization results. In vitro yields of hybridization were in good agreement with those generally observed with gDNA, which range from 65 to 80%, depending on the preparation of gDNA and labeling and hybridization conditions (70) . In parallel, total RNA was extracted from MW2 or N315 cells harvested in postexponential phase. Hybridization with cDNA obtained from these samples showed that 72 to 75% of S. aureus oligonucleotides were detected. In hybridization experiments using L. lactis LD61 cDNA and/or gDNA, only 16 of the 420 oligonucleotides (3.8%) targeting S. aureus genes gave a signal (see the supplemental material). These 16 oligonucleotides were removed from the analysis when the microarray was used further for mixed cultures. Among the oligonucleotides designed as positive controls for L. lactis, 78% were detected using L. lactis LD61 cDNA or gDNA. Altogether, these in vitro results validated the S. aureus specificity of the dedicated microarray developed in this study. Time lag in the expression of S. aureus genes involved in the cellular machinery, carbohydrate metabolism, and stress responses in mixed cultures. As a first approach to study interactions between S. aureus and L. lactis, we investigated the transcriptomic responses of S. aureus MW2 in pure and mixed cultures with L. lactis LD61 at 30°C in CDM at a constant pH (6.6) with agitation to homogenize and allow moderate aeration of the medium. These conditions allowed us to monitor the kinetics of substrate and product formation and to control environmental parameters such as a drop in pH, which may have masked other phenomena. Furthermore, the effect of acidification on S. aureus expression has already been documented (7, 76) . S. aureus growth rates at the beginning of the exponential phase in pure and mixed cultures were similar. In the pure culture, S. aureus MW2 growth slowed down and a transient plateau of growth appeared at the end of the exponential phase (Fig. 1) . In the mixed culture, the growth rate decrease occurred earlier and the plateau lasted longer. Altogether, the microbiological analyses showed that, under the conditions used, L. lactis hardly affected S. aureus growth and the final staphylococcal population in the mixed culture was only threefold lower than that in the pure culture.
S. aureus MW2 gene expression profiles in the pure culture and in the mixed culture with L. lactis LD61 were investigated. Samples were harvested at different time points (5, 6.2, 7.8, 11.1, and 25 h after inoculation) in order to monitor the kinetics of gene expression under both growth conditions. Genes whose expression varied significantly (Ն3-fold) in the pure and/or the mixed culture were identified by an ANOVA test as described in Materials and Methods (Tables 2, 3 , and 4).
A general survey of the data indicated that the number of genes whose expression varied significantly in the pure culture was ϳ3-fold higher than that in the mixed culture. This pattern was emphasized when the analysis was restricted to virulencerelated genes: the expression of 29 genes varied in the pure culture, versus that of only 4 genes in the mixed culture. Such a difference was related, at least partially, to the loss of a signal in the mixed culture. Hybridizations were indeed carried out with cDNAs resulting from a constant amount of total RNAs (i.e., a mixture of lactococcal and staphylococcal cDNAs in a mixed culture). The amount of S. aureus cDNA in mixed culture hybridizations was lower than that in pure-culture hybridizations, resulting in lower signals and a subsequent loss of sensitivity. Total RNA extracted from pure cultures gave a signal (signal/noise ratio of Ն2) in 90% of the spots retained for statistical analysis (see Materials and Methods), whereas total RNAs extracted from mixed cultures gave a signal in 64% of the spots. However, general trends in pure cultures, as well as in mixed cultures, were observed.
Several genes involved in the cellular machinery, cell division, cell envelope biosynthesis and turnover, carbohydrate and nitrogen metabolism, stress responses, and virulence displayed differential expression levels over the time course of the cultures (Tables 2, 3 , and 4). The expression profiles of some genes belonging to various functional categories were clearly related to growth: genes involved in the translational machinery, cell division, the biosynthesis and turnover of the cell envelope, secretion, and the metabolism of nucleotides and nucleic acids maintained high levels of expression in the pure culture until h 11, when cells entered stationary phase. Likewise, the expression of genes associated with energetic metab- olism (e.g., mnhD and ctaB) decreased slightly during the first slowing down of growth and more drastically in the stationary phase. Similar variations in the expression of genes in these functional categories were observed in the mixed culture. Of note, the decrease of expression occurred earlier in the mixed culture than in the pure culture. This finding correlates well with the premature slowing down of S. aureus growth observed in the mixed culture. Hence, the expression of genes encoding transcriptional and translational machinery, as well as genes associated with energetic metabolism, the metabolism of nucleotides and nucleic acids, and secretion, started decreasing from the 7.8-h time point onward and even earlier for some genes (e.g., nusG and xerC). The premature slowing down of growth in the mixed culture may also account for the earlier The expression of genes involved in carbohydrate metabolism and transport was linked to growth kinetics but also to glucose availability. The levels of expression of pfk and pykA seemed to be maintained until glucose exhaustion, which occurred in the pure culture after 11 h and in the mixed culture after ϳ8 h (53). In the pure culture, the exhaustion of glucose resulted in the upregulation of the expression of genes encoding several transporters for other carbon sources, like ribose (rbsD), maltose and maltodextrin (MW0190 [mtlA]), and trehalose (treP). Such regulation resulting from catabolic repression in several gram-positive bacteria, including Staphylococcus species, was reported previously (31, 71, 75) .
Selective repression of enterotoxin expression in mixed cultures. In a food context, S. aureus is particularly undesirable because of the ability of some strains to produce SEs, which are the causative agents of SFP. Six enterotoxins are encoded within the S. aureus MW2 genome, including the two classical enterotoxins SE type A (SEA) and SEC and four SE-like (SEl) proteins: SElG, SElH, SElK, and SElL. SEls have not been well characterized, and their involvement in food poisoning has not yet been established (42) . Indeed, their emetic properties, except for those of SEH and SEG, still need to be evaluated (34, 49, 56, 69) . Transcriptomic analyses revealed changes in the expression of enterotoxins A and L ( Table 4 ). The expression of all enterotoxin genes harbored in strain MW2 was further investigated by qRT-PCR to confirm and complete the microarray data. L. lactis barely affected the expression of enterotoxins G, K, and H ( Fig. 2A, B , and C; Table 5 ): the expression of seg2 remained constant in both pure and mixed cultures. The expression of sek was maximal during the exponential phase and decreased in the stationary phase under both conditions. A moderate induction of seh in the stationary phase of the pure culture was observed, whereas seh expression was slightly impaired in the mixed culture. In contrast, the induction of sec4 and sel expression in the exponential and/or postexponential phase was dramatically affected or possibly delayed by the presence of L. lactis, as observed for genes of other functional categories ( Fig. 2D and E ; Table 5 ). sea was expressed mainly during the exponential phase in the pure culture, and its expression decreased in the stationary phase ( Fig. 2F ; Table 5 ), as observed previously (8, 18) . The level of expression of sea during the exponential phase in the mixed culture was slightly lower than that in the pure culture. However, in the mixed culture, sea expression remained constant during the stationary phase (to h 25) and was thus slightly (ϳ2-fold) higher than that in the pure culture. Altogether, these results showed that the presence of L. lactis strongly reduced the expression of two of the six enterotoxin and enterotoxin-like proteins identified so far in S. aureus MW2. f Expression levels in pure and mixed cultures at 5, 6.2, 7.8, 11.1, and 25 h, detected with the S. aureus microarray and presented as normalized cDNA/gDNA ratios. Only genes that showed significant variations in expression levels in pure and/or mixed cultures over time (as determined by the ANOVA test with the criterion of an FDR of Ͻ0.05) and a degree of change of Ն3-fold were defined as differentially expressed.
Modified expression of other S. aureus virulence genes in mixed cultures. Virulence gene expression is tightly controlled
g ϩ indicates that agr in strain MW2 exerted positive control (62) . h isaA was found to be positively regulated by B , as its expression decreased in a B mutant (5). However, its expression decreased in late log and stationary phases in both wild-type and mutant strains, as observed in this experiment. (9, 54) . As expected, the expression of several virulence genes in the pure culture of S. aureus MW2 was modified over time (Table 4) . Genes encoding exoproteins (such as geh, splC, and sspC), hemolysins (MW0802 and MW2096), toxins (such as sel and lukD), and exotoxins (MW0382 to MW0384 and MW0390) and genes involved in capsule synthesis (capA and capP) were induced in the postexponential and stationary phases of growth. This upregulation of exoprotein production was concomitant with the induction of the agr system. The expression of agrA and RNAIII was indeed 25-and 60-fold higher, respectively, in the stationary phase than in the exponential phase. Accordingly, some genes encoding cell surface proteins, such as MW1041 and MW1091 (encoding fibrinogen binding proteins), isaA (encoding immunodominant antigen A), and MW2217 (encoding a secretory antigen SsaA homolog) were repressed when cells entered the stationary phase (Table 4) . Strikingly, in the mixed culture, the induction of exoprotein genes and the agr system was not observed. To confirm that these observations were not due to the lower sensitivity of the microarray hybridization analysis for mixed-culture samples, qRT-PCR experiments with several virulence-related genes were carried out (Fig. 3) . In the pure culture, agrA and RNAIII expression was dramatically induced (37-and 1,555-fold, respectively) in post-exponential and stationary phases of growth, whereas it was strongly altered in the mixed culture, with maximum inductions of 12-and 25-fold, respectively, at . Profiles of transcript titers for enterotoxin type G2 (seg2), enterotoxin K (sek), enterotoxin H (seh), enterotoxin type C4 (sec4), enterotoxin L (sel), and enterotoxin A (sea) genes are presented. Statistical analyses (by an ANOVA test with the criterion of a P value of Ͻ0.05) indicated that these genes showed significant changes in expression in pure and mixed cultures over time, except for sea and seh in mixed cultures (P Ͼ 0.05). Time points at which genes showed significant changes in expression in pure versus mixed cultures, as determined by a t test (P Ͻ 0.05), are indicated by asterisks, and ratios of expression levels are presented in Table 5 . (capA), alpha-hemolysin (hla), protein A (spa), and staphylococcal accessory regulator (sarA) genes are presented. Statistical analyses (by an ANOVA test with the criterion of a P value of Ͻ0.05) indicated that these genes showed significant changes in expression in pure and mixed cultures over time, except for agrA and RNAIII in mixed cultures (P Ͼ 0.05). Time points at which genes showed significant changes in expression in pure versus mixed cultures, as determined by a t test (P Ͻ 0.05), are indicated by asterisks, and ratios of expression levels are presented in Table 5 .
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11 h ( Fig. 3A and B ; Table 5 ). Similarly, the expression of genes encoding MW0802 and Cap5A hemolysins was strongly induced in post-exponential and stationary phases in the pure culture, whereas only a moderate induction was observed in the mixed culture ( Fig. 3C and D ; Table 5 ). The expression of hla and spa, two well-characterized genes encoding alpha-hemolysin and protein A, respectively, was also assayed by qRT-PCR ( Fig. 3E and F ; Table 5 ). As observed previously (21, 24) , the expression of spa was maximal during the exponential phase and decreased when cells entered post-exponential growth in the pure culture. A similar spa expression profile in the mixed culture was observed. Surprisingly, hla was not induced in the stationary phase, either in the pure culture, as observed previously in other strains (21) , or in mixed cultures. In order to complete the microarray data with regard to virulence regulation, the expression of sarA, one of the major and pleiotropic regulators of virulence in S. aureus (together with the agr system) (9, 21, 54) , was assayed by qRT-PCR. The expression of sarA was constant throughout the exponential phase of the pure culture, as well as in the mixed culture, although at a slightly lower level ( Fig. 3G ; Table 5 ). However, strong (13-fold) induction of sarA expression in the stationary phase of the pure culture was observed, as reported previously (45) , whereas the level of induction in the mixed culture (4-fold) was significantly lower. In conclusion, L. lactis was able to alter the induction of agr and sarA, the two main regulators of virulence in S. aureus.
Supernatant from an L. lactis culture does not affect RNAIII expression. RNAIII downregulation may be due to the release of an inhibitory molecule(s) into the culture supernatant by L. lactis. If so, supernatants from a pure culture of L. lactis LD61 or those from a mixed culture would have an impact on the expression of hld/RNAIII. To test this hypothesis, S. aureus MW2 was grown in pure cultures on CDM supplemented with supernatants harvested at 24 h from pure or mixed cultures of L. lactis (1 volume of supernatant was added to 1 volume of 2ϫ CDM). The expression of RNAIII was investigated by qRT-PCR as described in Materials and Methods. The addition of a supernatant did not alter the kinetics of RNAIII expression, as similar profiles with and without supernatants were observed (data not shown). Moreover, the addition of supernatants obtained from pure or mixed cultures of L. lactis to a pure S. aureus culture in the post-exponential phase of growth, which corresponds to the apex of RNAIII induction, did not affect RNAIII expression (data not shown). Altogether, these results suggest that the downregulation of agr locus expression by L. lactis does not rely on the release of an inhibitory molecule or, alternatively, that the inhibitory molecule is labile.
L. lactis downregulates RNAIII expression in other S. aureus strains belonging to various agr groups. The downregulation of a key virulence regulator like the agr system by L. lactis is of great interest. We therefore wondered whether this effect was restricted to strain MW2 or if it could be observed in other strains, notably strains belonging to different agr groups. We thus investigated the effect of L. lactis LD61 on two additional strains, namely, strain SH1000 (derived from the well-characterized strain NCTC 8325, of agr group I) and RN4850 (the prototype strain of agr group IV). The strains were grown in mixed cultures under conditions similar to those used for strain MW2, and the expression of RNAIII was monitored by qRT-PCR (data not shown). While RNAIII expression in both strains was strongly induced in post-exponential and stationary phases of growth in pure cultures, it was strongly altered in mixed cultures (Ͼ100-fold downregulation of expression in mixed cultures compared to that in pure cultures had occurred at 25 h). This result clearly indicates that the observed downregulation of RNAIII in strain MW2 by L. lactis is not unique, even though we cannot exclude the possibility that some S. aureus strains may be resistant to this inhibitory effect. Furthermore, it does not seem to be restricted to one agr group.
DISCUSSION
Successful exploration of the S. aureus transcriptome in mixed cultures with L. lactis. Interactions between S. aureus and other bacterial species, notably LAB, arouse more and more interest (1, 11, 40) . A better understanding of bacterial interference phenomena will indeed lead to promising nonantibiotic means to control the growth of and/or pathogenesis by S. aureus (or other undesirable microorganisms) in ecosystems where keeping a complex and balanced microbial community is crucial (e.g., the vaginal ecosystem and food fermentation environments). Bacterial interactions involved in such contexts are quite complex and require global molecular approaches, such as transcriptome analyses. Only a few studies have investigated the behavior of S. aureus during interaction with a host or other microorganisms. One recent study reports the transcriptome analysis of S. aureus in interaction with (internalized by) human epithelial host cells (25) . Another study reports a transcriptional analysis of the interaction between S. aureus and Pseudomonas aeruginosa, yet only the P. aeruginosa transcriptome was analyzed (46) . We report here the first transcriptome analysis of S. aureus in interaction with another bacterial species, namely, L. lactis. A dedicated S. aureus-specific microarray was successfully developed and validated in order to minimize the cross-hybridizations that may result from hybridization with a pool of labeled cDNAs from two species. Genomes of other LAB species were taken into account in designing the microarray so that S. aureus gene expression profiles during interaction with other LAB ecosystems (e.g., that of a complex starter culture in the cheese-making process or vaginal lactobacilli) can be analyzed.
Culture with L. lactis induces a time lag in the kinetics of S. aureus gene expression. The inhibitory effect of L. lactis on S. aureus growth is widely documented (1, 12, 28, 36 ; for a review, see reference 11); however, its effect on the global physiology of S. aureus and on virulence expression had never been explored. Under the conditions tested in this work, i.e., a chemically defined culture medium at a constantly regulated pH, L. lactis hardly affected S. aureus growth and the final population of S. aureus in the presence of L. lactis was only threefold smaller than that in the pure culture. Despite the moderate effect on growth, the kinetics of S. aureus gene expression in the mixed culture with L. lactis was modified compared to that in the pure culture. For instance, most functions associated with growth (translation and cell envelope biosynthesis) showed reduced expression earlier in the mixed culture than in the pure culture, which may be related to the premature slowing down of growth in the mixed culture. Likewise, the kinetics of expression of genes involved in carbohydrate metabolism was modified in the presence of L. lactis. Altogether, our results showed that coculturing with L. lactis LD61 inflicted a time lag on S. aureus transcriptomic profiles rather than wild variations in the whole transcriptomic profile. The altered profiles correlated with environmental changes provoked by the presence of L. lactis, such as the premature exhaustion of glucose (53) .
Kinetic follow-up of S. aureus gene expression reveals an alteration in the expression of several virulence genes in mixed cultures with L. lactis. In the present study, we showed that L. lactis was able to impair the expression of several S. aureus virulence genes. Staphylococcal virulence is tightly controlled and temporally regulated. During the post-exponential and stationary phases of growth, many exoproteins, including some enterotoxins, exofoliative toxins, alpha-, beta-, gamma-, and delta-hemolytic toxins, toxic shock syndrome toxin 1, and several secreted enzymes, are upregulated whereas many cell surface-exposed factors, such as protein A, immunodominant antigen A, coagulase, and fibronectin binding protein, are downregulated (5, 21, 48, 54, 55, 64, 72) . Accordingly, we found that several exoproteins, hemolysins, toxins, and proteins involved in capsule biosynthesis were induced in the post-exponential and stationary phases of growth in the pure culture of S. aureus MW2. Surprisingly, the expression of hla was rather constant throughout the time course of the culture, suggesting that the complex regulation of hla expression established in other strains may not apply to strain MW2 (21, 72) . Furthermore, we observed that some cell surface protein genes, including isaA, spa, and genes encoding fibrinogen binding proteins, were repressed in the post-exponential phase, although no general downregulation of genes encoding cell surface proteins was observed. Thus, the expression profiles of virulence genes in strain MW2 fitted the temporal regulation patterns generally observed in other S. aureus strains. However, the gene expression profile was very much altered in the presence of L. lactis with, in particular, no general upregulation of many exoproteins.
L. lactis hinders S. aureus virulence expression through the alteration of agr expression. In a pure culture of S. aureus MW2, we found that the induction of several exoprotein genes, including geh, sspC, capA, and sec4, was concomitant with the activation of the agr system. The agr regulon in strain MW2 was very recently characterized (62) , revealing that virulence regulation by agr in strain MW2 partially fits the current model established for well-characterized laboratory strains (derived from strain NCTC 8325) (54): while several toxins and other exoproteins are upregulated by agr, the global downregulation of surface binding proteins by agr observed in other strains does not occur in strain MW2. Such discrepancies in the agr regulon profiles indeed explain why in our study, no general downregulation of surface binding protein expression occurred in the post-exponential phase of the MW2 pure culture. Strikingly, only transient and feeble induction of the agr locus was observed in the mixed culture, suggesting that the lack of induction of exoprotein expression in the mixed culture was, at least in part, due to the nonactivation of the agr system.
It is noteworthy that agr downregulation was not restricted to S. aureus strain MW2 and occurred in other S. aureus strains belonging to different agr groups. Hence, although the ability of L. lactis to downregulate the agr system cannot be generalized to all S. aureus strains without further investigations, the downregulation in MW2 is not an isolated case. This result strongly reinforces the interest in the observed inhibitory capacity of L. lactis, the mechanism of which has now to be identified. We did not observe any significant downregulation of RNAIII expression when S. aureus MW2 was grown in CDM supplemented with L. lactis pure-or mixed-culture supernatants. This finding suggests that agr downregulation was not due to the production of an inhibitory molecule or the release of an autoinducing-peptide-modifying or -degrading enzyme by L. lactis, although we cannot totally exclude the possibility that the inhibitory molecule(s)/enzyme is highly unstable. The production of an inhibitory molecule (metabolite or peptide) that interacts with the two-component system within the agr system and blocks signal transduction in different species of the Staphylococcus genus (27, 73) and in other grampositive or negative bacteria (40, 61) has already been described. In particular, Laughton and coworkers showed that Lactobacillus reuteri has the potential to repress the expression of the superantigen-like protein 11 (SSL11) and RNAIII via the secretion of a soluble factor which still remains to be identified (40) . Our study suggests that the signaling pathways involve the transcriptional regulator SarA. SarA acts as a global regulator of virulence expression in S. aureus (21, 44, 45) and is, in particular, required for the full expression of agr (6, 14, 16, 21) . The lower level of sarA expression in the mixed culture with L. lactis than in the pure culture may thus account for the weaker induction of agr locus expression in the mixed culture. Further investigations will be necessary to unravel both the lactococcal factor and the signaling pathway responsible for agr downregulation.
Impact of L. lactis on S. aureus enterotoxigenesis. Among virulence factors, enterotoxins play a particular role and are the main threat in foodstuffs. Despite the importance of enterotoxins, the regulation of enterotoxins and enterotoxin-like protein expression is still poorly documented. We here report the expression profiles of the six SE and SEl proteins of S. aureus MW2. All enterotoxin genes were found to be expressed in strain MW2. sea was expressed mainly during the exponential phase, as established previously (8) , as was sek, whereas the expression of seg2 was constant throughout the culturing. In contrast, sec, sel, and seh were induced in the post-exponential and stationary phases of growth. The induction of sec expression in a pure culture of S. aureus, concomitant with the activation of the agr locus, corroborated the results of previous studies, as sec expression is controlled by RNAIII (62) . Accordingly, sec induction was impaired in the presence of L. lactis, and the impairment correlated with agr downregulation. The impact of L. lactis on enterotoxin expression was enterotoxin type dependent. While L. lactis strongly affected the expression of sec and sel, it barely affected the expression of sek, seg2, and seh and even slightly favored the maintenance of sea expression in the stationary phase. This finding is of particular interest, as SEA is the main enterotoxin identified in SFP outbreaks (22, 37) . The high prevalence of SEA involvement in SFP outbreaks associated with dairy products may be related to the lack of inhibition of sea expression by L. lactis while the expression of other enterotoxin genes, including sec, is affected. 4470 EVEN ET AL. APPL. ENVIRON. MICROBIOL.
